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Summary
Background: The switch from cellular proliferation to differen-
tiation occurs to a large extent through specific programs of
gene expression. In fission yeast, the master regulator of
sexual differentiation, ste11, is induced by environmental con-
ditions leading to mating and meiosis.
Results:We show that phosphorylation of serine 2 (S2P) in the
C-terminal domain of the largest subunit of the RNA poly-
merase II (PolII) enzyme by the Lsk1 cyclin-dependent kinase
has only a minor impact on global gene expression during
vegetative growth but is critical for the induction of ste11 tran-
scription during sexual differentiation. The recruitment of
the Lsk1 kinase initiates in the vicinity of the transcription
start site of ste11, resulting in a marked increase of S2P on
the ste11 unit, including an extended 50 untranslated region
(50UTR). This pattern contrasts with the classical gradient of
S2P toward the 30 region. In the absence of S2P, both PolII
occupancy at the ste11 locus and ste11 expression are
impaired. This results in sterility, which is rescued by expres-
sion of the ste11 coding sequence from the adh1 promoter.
Conclusion: Thus, the S2P polymerase plays a specific, regu-
latory role in cell differentiation through the induction of ste11.
Introduction
The integration of various aspects of the transcription of DNA
into mRNA, such as capping, splicing, or histone modifica-
tions, relies on combinatorial phosphorylations of the flexible
scaffold structure formed by the C-terminal domain (CTD) of
the largest subunit of RNA polymerase II (PolII) [1]. The CTD
is comprised of repeats of the heptad YSPTSPS. Serines 2,
5, and 7 within these heptads are phosphorylated, and the
global CTD phosphorylation pattern was proposed to be part
of a code that controls PolII function.
During promoter escape and early elongation, the CTD is
mainly phosphorylated on serine 5 (S5). This event allows the
recruitment of different activities, including capping enzymes*Correspondence: damien.hermand@fundp.ac.be
5These authors contributed equally to this work
6Present address: The Rockefeller University, New York, NY 10065, USA[2, 3], elongation factors, and histone modifiers [4–7]. Serine
2 (S2) becomes the predominantly phosphorylated residue
during elongation and is most abundant near the 30 end of
genes [2, 8]. It stimulates the association of the Set2 histone
methyltransferase [9–11], as well as the splicing and polyade-
nylation machineries with PolII [1, 4, 8, 12–16]. Phosphoryla-
tion of serine 7 (S7) occurs in both yeast and higher eukaryotes
during late elongation but appears to be functionally important
only for small noncoding RNA transcribed by PolII [17, 18].
Conserved kinases belonging to the cyclin-dependent
kinase (CDK) family phosphorylate the CTD repeats with
somewhat overlapping specificities [19]. Serine 5 and serine
7 are the primary targets of the transcription factor II H
(TFIIH)-associated kinase Cdk7 [20]. Subsequent to TFIIH
function, the CTD is phosphorylated on S2 by Cdk9, as part
of P-TEFb [14, 21–25], a complex identified in higher eukary-
otes based on its ability to stimulate elongation by releasing
the pausing imposed by the negative elongation factors DRB
sensitivity inducing factor (DSIF) and negative elongation fac-
tor (NEF) [26–30]. Although Cdk9 activities are typically linked
in one kinase in higher eukaryotes, two related kinases, Bur1
and Ctk1 in Saccharomyces cerevisiae, recapitulate the activ-
ities and act as positive elongation factor and S2 kinase,
respectively [31]. However, two recent reports identified a
contribution of Bur1 to CTD phosphorylation, indicating that
an overlap may exist between the functions of both kinases
[32, 33]. A similar case is found in the fission yeast Schizosac-
charomyces pombe with Cdk9 and Lsk1 [22, 34, 35]. The
‘‘CTDK’’ complex of S. cerevisiae (composed of Ctk1-Ctk2-
Ctk3) also appears to be conserved in S. pombe (Lsk1-Lsc1-
Lsg1) [34, 36]. The fact that Ctk1 is not essential suggests
that some maturation events that are coupled to transcription
by S2 phosphorylation can also occur independently [14].
Serine phosphorylation within the CTD emerges as an inte-
grated and coordinated process in which the sequential occur-
rence of the modifications ensures proper processing of
the nascent mRNA [37]. However, the gene-specific conse-
quences of serine phosphorylation within the CTD are poorly
understood, impeding the understanding of a potential role
for CTD phosphorylation during specific cellular responses
[21] or cell differentiation.
Fission yeast cells of either mating type undergo sexual
differentiation in response to nitrogen starvation [38], which
induces the Ste11 transcription factor [39] and, in turn, the
expression of most proteins involved in mating and meiosis,
including Mei2, the ultimate activator of the meiotic program
[40]. The ste11 gene is tightly regulated at the transcriptional
level: upon starvation, a signaling pathway leads to a decrease
of cellular cyclic AMP level and activates the Rts2 transcription
factor that directly controls ste11 transcription [41].
To uncover a potential link between CTD phosphorylation
and specific cellular events, such as differentiation, we initi-
ated a genome-wide mapping of the CTD kinases Mcs6 (the
ortholog of Cdk7), Cdk9, and Lsk1, as well as the serines 2-
and 5-phosphorylated PolII in fission yeast. We first found
that S2-phosphorylated PolII (S2P) and the S2 kinase Lsk1
associate with fewer transcribed units than S5-phosphory-
lated PolII (S5P) and the S5 kinase Mcs6. We then found that
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Figure 1. Effect of CTD Kinase Inhibition on CTD Phosphorylation and Cell Viability
(A) Western blot analysis of C-terminal domain (CTD) phosphorylation status using phosphospecific H5 (Covance, recognizing S2P), H14 (Covance, recog-
nizing S5P), and 8WG16 (Covance, recognizing unphosphorylated Rpb1) antibodies in the indicated strains. When analog sensitive (-as) kinases were used,
30 mM of 3-MB-PP1 were added for 2 hr before cell lysis. Anti-tubulin staining is shown as a loading control.
(B) Top: in vitro kinase assays using GST-CTD, GST-CTD S5A, or GST-CTD S2A fusion proteins as substrates. HA-tagged kinases were immunoprecipitated,
and kinase reactions were performed for 15 min as described [22]. After PAGE, the gel was stained with Coomassie blue to verify that equal amounts of GST
fusions were used. Bottom: anti-HA western blot on total extracts from the corresponding strains. Calculated molecular weights are 44.2 kDa (Mcs6-HA),
73.7 kDa (Cdk9-HA), and 73 kDa (Lsk1-HA).
(C) Tetrad dissection of heterozygote diploids harboring either a deleted CTD (rpb1(DCTD)), the S5A mutant (rpb1(S5A)), or the S2A mutant (rpb1(S2A)).
The position of the mutants, as determined by resistance to geneticin (data not shown), is indicated by an asterisk. In the case of lethal mutations, a picture
of cells is shown on the right. Generally, spores from the S5A strain could germinate and sometimes divided once, whereas spores from the DCTD strain
could not germinate.
(D) Generation time of the indicated strains. Strains were inoculated at an optical density of 0.02 and followed for 12 hr at 32C to determine their generation
times. When analog-sensitive kinases were used, the culture was divided in two, and either 3-MB-PP1 or dimethyl sulfoxide was added.
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1054S2 phosphorylation and Lsk1 play minor roles during vegeta-
tive growth, but they become essential during sexual differen-
tiation as a result of a specific requirement for the induction of
ste11. Unexpectedly, in the case of ste11, the ‘‘classical’’ local-
ization of S2P within the transcription unit largely expands to
the very upstream end of the transcribed region, which corre-
sponds to an unusually long 50UTR.
This demonstrates a gene-specific requirement of RNA
polymerase II CTD phosphorylation on serine 2 for the induc-
tion of the sexual differentiation program in fission yeast.
Results
CTD Phosphorylation and Cell Viability
To investigate the role of the CTD kinases at the genome scale,
we first tested the consequences of their inhibition on CTD
phosphorylation and cell viability (Figure 1). For the essential
Mcs6 and Cdk9 kinases, analog-sensitive mutants were
used, whereas a deletion mutant was used for the nonessential
Lsk1 kinase. The results were then compared with mutants inwhich either S5 (S5A) or S2 (S2A) was replaced by alanine in all
of the CTD repeats. In contrast to previous studies [34, 42],
these mutants contain the exact fission yeast CTD except for
the alanine substitutions. We found that only Mcs6 affected
S5 phosphorylation, whereas S2 phosphorylation was par-
tially decreased and completely abolished in the absence of
lsk1 (Figure 1A) [22, 43]. In vitro kinase assays using either a
wild-type S. pombe GST-CTD fusion or corresponding S5A
or S2A mutants as substrates showed that both Mcs6 and
Cdk9 phosphorylated the wild-type and S2A mutant, whereas
Lsk1 only phosphorylated the wild-type CTD (Figure 1B).
The S5A mutant was not efficiently phosphorylated by any of
these kinases, suggesting that the presence of a serine resi-
due in position 5 is important for S2 phosphorylation, as was
recently observed for S7 [20].
When integrated at the endogenous rpb1 locus, the CTD
mutants behaved very differently: the S5A mutant was lethal,
whereas the S2A mutant was viable despite a marked delay
in colony formation from spores in tetrad analysis (Figure 1C).
This delay likely reflects a germination defect, because the
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1055generation time of exponentially growing cells was only
slightly longer than wild-type (Figure 1D). To compare the
effect of either lsk1 deletion or the S2A mutant on global gene
expression, we performed microarray analysis and observed
that loss of either lsk1 or S2P affects the expression of an over-
lapping set of approximately 200 genes (see Figure S1 avail-
able online). The set of genes that show expression changes
in both mutants was not different from the full set of genes in
terms of gene length (Figure S1D) or PolII occupancy (Fig-
ure S1E). This experiment also revealed that the S2A mutant
affected a larger set of genes, suggesting that another kinase
besides Lsk1 may phosphorylate S2 in vivo or that the replace-
ment of 27 serines by alanines in the CTD may have an addi-
tional structural effect that somewhat affects the activity of
Rpb1 (see Discussion).
Taken together, these results show that phosphorylation of
PolII CTD on serine 2 is not essential for vegetative growth
and does not affect the entire set of S. pombe genes.
We next tested the growth of the S2A mutant, an lsk1deleted
strain, and the double mutant in the presence of a range
of stress factors (Figure S2; Table S1). These three strains
behaved similarly in these assays, showing strong sensitivity
to temperature changes, methyl 2-benzimidazole carbamate,
thibendazole, and mild sensitivity to ethyl methanesulfonate
and latrunculin A. They differed at 30C, where the presence
of S2A moderately affected growth, whereas the absence
of lsk1 alone did not lead to an obvious defect (Figure S2).
At 37C, all the mutated strains were strongly affected,
with the lsk1 deleted strain showing slightly better growth
than the S2A, which may result from the higher number of
genes affected in that strain, compared to the lsk1 mutant
(Figure S1).
These results reveal a different functional importance of
S2P and S5P modifications during vegetative growth and a
specific requirement for S2P in the presence of environmental
changes.
Genome-wide Occupancy of the CTD Kinases and S2P
and S5P Forms of PolII
In order to test whether the phenotypes observed when either
S5P or S2P is compromised could result from specific genome-
wide occupancies of their kinases, we performed genome-
wide ChIP-on-chip analysis using HA-tagged proteins for
Mcs6, Cdk9, and Lsk1 or specific antibodies for phosphory-
lated S2 (S2P) and S5 (S5P) PolII. The global occupancy of
PolII was also determined via the localization of the Rpb3-HA
subunit (Figure 2). Rpb3, Mcs6, Cdk9, and the S5P PolII
showed a high correlation in occupancy patterns, suggesting
a coordinated recruitment and action of these factors during
transcription (Figures 2A and 2B; Figure S3). In contrast, S2P
PolII and the S2 kinase Lsk1 were much less abundant on chro-
matin, with only 18% of Rpb3 peaks overlapping with S2P
compared to 59% with S5P. Our data also revealed a clear
correlation between S2P and S5P, with 93% of S2P peaks over-
lapping with S5P; however, this represents only 22% of the
total S5P peaks (Figure S3). The presence of Lsk1 and S2P
only at a subset of loci is consistent with the absence of pheno-
type observed in exponentially growing lsk1 deleted cells.
Specific Patterns of CTD Kinases and PolII
Phosphorylation along Transcribed Units
Analysis of the average occupancy across genes showed that
PolII generally accumulates toward the 30 end of the open
reading frame (Figures 2A and 2B). However, this pattern wasless obvious for genes with high levels of Rpb3, which show
a more even distribution (Figure S3). This was confirmed by
independent ChIPs using an antibody that directly recognizes
Rpb3 (data not shown) and was also observed in another
recent study ([44]; Figure S3).
The S5 kinase Mcs6 showed a sharp peak of binding at
promoters, consistent with the presence of S5P in this region
(Figure 2B). Cdk9 displayed a somewhat more complex
bimodal binding pattern in regions that correspond to early
elongation and the 30UTR. A second peak of S5P was also
observed in the 30UTR, suggesting that Cdk9 may phosphory-
late S5 away from the promoter (Figures 2A and 2B). Further
work is needed to investigate this possibility.
Although the overall analysis of genes associated with S2P
and Lsk1 showed the expected increase in S2P toward the 30
end of the coding region (Figures 2C and 2D), a category of
about 150 genes additionally showed a broader distribution
of both S2P and Lsk1 across the full length of the transcript
(Figures 2C and 2D). In this cluster, the median 50UTR length
of genes was 202 bp (compared to 85 bp across all genes
[44]), and the median 30UTR was 255 bp (compared to 149
bp across all genes [44]). In addition, 69% of these genes
had a UTR size that is above the genome-wide median
(Table S2). This could not be attributed to ‘‘bleed-through’’
from the flanking regions, because overlapping probes with
upstream and downstream genes were excluded from the
analysis.
To validate these observations, we chose three genes repre-
sentative of the different S2P patterns: (1) SPAC4F10.18, in
which neither Lsk1 nor S2P was detected, (2) sam1, which
represents the ‘‘classical’’ case in which S2P increases toward
the 30 region, and (3) ste11, which shows additional S2P at the
50 end of the transcribed unit. In each case, we performed
ChIPs to determine the occupancy of Rpb3 (PolII), Mcs6,
S5P, Cdk9, Lsk1, and S2P (Figure S4). The results confirmed
the data obtained by the ChIP-on-chip analysis (Figure S4C).
The genome-wide maps of CTD phosphorylation presented
above reveal a more complex distribution of S2P and S5P than
anticipated, with specific and distinct patterns of phosphoryla-
tion along transcribed units.
Specific Regulation of Gene Expression by S2
Phosphorylation on the 50 End of the Transcription Unit
The presence of a class of genes showing both the S2P PolII
and Lsk1 enriched upstream of the coding region is unex-
pected. To understand the in vivo relevance of the different
S2P patterns, we determined the occupancy of PolII for the
three representative genes described above (Figure S4B) in
wild-type, the S2A, and the lsk1 mutants (Figure 3). In addition,
the well-characterized genes adh1 and act1 were included
(Figure 3). Although the absence of S2P did not significantly
affect PolII localization on SPAC4F10.18 and adh1, it led to
the accumulation of PolII toward the end of the sam1 and
act1 genes (Figure 3A). This effect is consistent with a role
for S2P in the final step of RNA polymerization. In the case of
ste11, we took advantage of the well-described structure
of the ste11 regulatory regions [41] to test the occupancy of
Rpb3 and S2P on the entire locus (Figure S4A), including the
promoter and the long 50UTR. In contrast to sam1 and act1,
a decrease in the abundance of PolII along the ste11 transcrip-
tion unit was observed in both the S2A mutant and the lsk1
deleted strain (Figure 3B), suggesting that S2P may also play
a role in stabilizing the enzyme onto a certain transcribed
region.
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Figure 2. Phosphorylated CTD Serine 2 Shows Specific Occupancy Profiles
(A) Combined ChIP clustering for Mcs6, Cdk9, Rpb3, and S5P. The combined ChIP profiles of 2866 genes that were significantly bound (binding ratioR 2,
and p < 0.05) by one of these proteins were hierarchically clustered using Pearson correlation as similarity metric. Each gene is represented by 6 values:
average binding along 600 bp upstream of the transcribed region, average binding on the transcribed region, divided into 4 values, and average binding
along 600 bp downstream of the transcribed region. The data are color-coded as indicated in the key.
(B) Average ChIP binding profiles from (A). The 95% confidence intervals and a graphical representation of the open reading frame are displayed.
(C) Clustering as in (A) for the genes that were significantly bound by Lsk1 and S2P. A representative group of genes showing an enrichment of both Lsk1 and
S2P across the complete gene body is indicated by red boundaries.
(D) Average ChIP binding profiles from (C), and average ChIP binding profiles from the gene cluster indicated by red boundaries in (C). (See also Figure S3.)
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1056We then correlated the effects on PolII occupancy seen in
the absence of S2P with the mRNA levels of the studied genes
by quantitative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) (Figure 4A). Although the SPAC4F10.18 mRNA
was unaffected, a modest decrease of the levels of sam1,
adh1, and act1 mRNAs was observed. The stronger effect in
the S2A mutant may explain the slight growth delay observed
at 32C (Figure 1D). Consistent with the reduced PolII level,
a strong reduction in the level of ste11 mRNA was observed
in the absence of S2P. Taken together, these results showthat phosphorylation of S2 is specifically required for the
expression of ste11.Control of Cell Differentiation by Phosphorylation
of PolII on Serine 2
In response to nitrogen starvation, haploid fission yeast cells
of the M (h2)- and P (h+)-type cells arrest in G1 and mate,
forming diploids that will undergo meiosis. Starvation acts as
a developmental switch by inducing ste11 expression, which
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Figure 3. The Absence of S2P Strongly Decreases Rpb3 Occupancy at the ste11 Locus
(A) Rpb3 occupancy measured by ChIP at indicated loci in a wild-type strain, a mutant where all serine 2 residues in the CTD were replaced by alanines
(rpb1(S2A)), and a strain lacking lsk1(lsk1::ura4). a.u., arbitrary units. The error bars were calculated from triplicates.
(B) Top: Rpb3 occupancy along a region, including the entire ste11 promoter and 50UTR in a wild-type strain, a strain lacking lsk1, and the rpb1(S2A) mutant.
Bottom: S2P occupancy along the same region in a wild-type strain.
The y axis represents the ratio of immunoprecipitated product versus input. The position of amplicons and details on regulatory regions are presented in
Figure S4A. The error bars were calculated from triplicates.
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1057in turn promotes the transcription of target genes, thereby
coordinating physiological and morphological changes [38].
Because the aforementioned experiments were performed
during vegetative growth when ste11 is transcribed at low
levels, we next tested the effect of the absence of serine 2
phosphorylation during ste11 induction (Figure 4B). Cells
were grown in minimal medium and starved for nitrogen for
4 hr 30 min, as previously described [45]. Samples were taken
at 0, 1.5, 3, and 4.5 hr during starvation. In wild-type extracts,
only a modest increase in PolII occupancy was observed
throughout the time course (Figure 4B). In contrast, S2P
showed a significant increase observed already at the first
time point, concomitant with recruitment of the Lsk1 kinase.
When the S2A mutant was used, a decrease in the abundance
of PolII was observed during the starvation period. To exclude
that increased S2P might be a general effect of nitrogen star-
vation, we examined S2P occupancy along the sam1 tran-
scription unit in the same conditions (Figure 4C). In contrast
to what we observed for ste11, the presence of S2P decreased
during the time course.
Next, a similar experiment was performed, and ste11 mRNA
was quantified by RT-PCR (Figure 5A). During the nitrogen
starvation, ste11 mRNA increased with time in the wild-typestrain. This induction was not observed in the absence of
S2P, either when lsk1 was deleted or when the S2A mutant
was used. Similar results were obtained when the levels of
mei2 mRNA, a key target of Ste11 [40], were measured.
Taken together, these data suggest that S2P is required for
maintenance of PolII at the ste11 locus and for proper ste11
induction upon nitrogen starvation. We next extended the
analysis of the effect of S2P abolition to the 78 previously
defined ste11 target genes [45], analyzing the changes in their
expression in the rpb1(S2A) or lsk1::ura4 mutants during vege-
tative growth. The best characterized targets of Ste11 showed
a marked decrease in mRNA levels (Figure S5). The absence of
major changes for other ste11 targets is likely due to the fact
that the microarray experiment was performed under vegeta-
tive growth conditions and that some of the target genes are
regulated by other transcription factors in addition to Ste11.
Given the unexpected presence of S2P in the upstream
region of the ste11 transcription unit, we investigated the
role of its unusually long 50UTR by creating a strain that only
retains 40 bp downstream of the +1 transcription site and
4 bp immediately upstream of the initiation codon (ATG), there-
fore deleting 2137 bp of the 2181 bp that constitutes the ste11
50UTR. We performed quantitative RT-PCR upon nitrogen
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Figure 4. CTD Serine 2 Phosphorylation and Lsk1 Recruitment at the ste11 Locus Increase during Nitrogen Starvation
(A) Relative quantification (RQ) of SPAC4F10.18, adh1, sam1, act1, and ste11 mRNAs determined by quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) using the comparative cycle threshold method (DDct method) in a wild-type strain, a strain lacking lsk1, and the rpb1(S2A) mutant. a.u.,
arbitrary units. The error bars were calculated from triplicates.
(B) Rpb3, S2P, and Lsk1 occupancies measured by ChIP in indicated strains during nitrogen starvation at indicated times. The error bars were calculated
from triplicates.
(C) S2P occupancy along the sam1 transcription unit, measured by ChIP in a wild-type strain during nitrogen starvation at indicated times. The error bars
were calculated from triplicates.
For (B) and (C), the y axis represents the ratio of immunoprecipitated product versus input. The position of amplicons is presented in Figure S4A.
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mutant at indicated times during nitrogen starvation.
(B) RQ of ste11 mRNA determined by quantitative RT-PCR using the DDct method in a wild-type strain, a strain lacking the ste11 50UTR, and a strain lacking
both the ste11 50UTR and lsk1 at indicated times during nitrogen starvation.
(C) Lsk1 occupancy measured by ChIP in a ste11 D50UTR mutant strain during nitrogen starvation at indicated times.
(D) RQ of the ste11mRNA determined by quantitative RT-PCR using theDDct method in a wild-type strain, the rpb1(S2A)mutant, and the ste11D50UTR after
inhibition of transcription by the addition of 1,10-Phenanthroline for 5, 10, and 15 min to cultures either grown in minimal medium (EMM) or starved for 3 hr in
minimal medium lacking a nitrogen source (EMM-N). Note that all samples were compared to the time 0 for the wild-type strain grown in EMM and that the
scale of the y axis is different in each case to highlight the result. a.u., arbitrary units. (See also Figure S4.)
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1059starvation and found that the ste11 mRNA was poorly induced
in these conditions (Figure 5B). This suggests a crucial role for
the 50UTR during the transcriptional induction of ste11, which
is corroborated by the fact that Lsk1 recruitment to the ste11transcription unit is strongly decreased, although not abol-
ished, when the 50UTR is absent (Figure 5C). Combining
the deletion of both lsk1 and the 50UTR further decreased the
level of mRNA to what is observed when only lsk1 is deleted
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Figure 6. Meiotic Differentiation Is Controlled by CTD Serine 2 Phosphorylation at the ste11 Promoter 50UTR Regions
(A) Homothallic wild-type, rpb1(S2A), or lsk1 deleted strains of both mating types were mixed and plated, and heterothallic wild-type or rpb1(S2A) strains
were plated for 48 hr on mating medium before iodine staining (left) to reveal sterility. The presence or absence of tetrads was confirmed by microscopy
(right).
(B) Cells from heterothallic wild-type and rpb1(S2A) strains were stained with DAPI.
(C) Homothallic wild-type or lsk1 deleted strains of both mating types transformed, or not, with a plasmid expressing ste11 from the adh1 promoter were
plated for 48 hr on mating medium before iodine staining (left). Cells were stained with DAPI (right). Differential interference contrast images are shown in the
middle panel.
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1060(Figure 5A). This indicates that although the 50UTR plays an
important role in the induction, Lsk1 must have an effect
outside of this region, likely in the proximal promoter, as sug-
gested in Figure 4B, where its abundance also increases
on the promoter region upon nitrogen starvation. The S2P-
dependent increase in ste11 mRNA observed during nitrogen
starvation correlates with only a modest increase in PolII occu-
pancy. We therefore tested the possibility that ste11 mRNA
stability, rather than transcription, was altered in response to
starvation. An inhibitor of RNA synthesis, 1,10-phenanthroline
[46–48], was added to a wild-type cell culture grown in minimal
medium. The amount of remaining ste11 mRNA was measured
by quantitative RT-PCR after 5, 10, or 15 min in the presence of
the drug. The results revealed that ste11 mRNA was intrinsi-
cally unstable, with only 13% left after 15 min (Figure 5D).
This is in agreement with a previous genome-wide study on
mRNA stability in fission yeast [49]. Next, 1,10-phenanthroline
was added to a culture first grown in the absence of nitrogen
for 3 hr, and the level of ste11 mRNA was measured after 5,
10, or 15 min, as above. As expected, the ste11 mRNA was
more abundant in nitrogen-starved cells, but this did not
appear to be the result of a dramatic increase in the mRNA
stability (Figure 5D), indicating that the increase in ste11mRNA
levels upon nitrogen starvation likely results from enhanced
transcription rather than greater stability of the mRNA. Impor-
tantly, the same experiments performed with the S2A mutant
showed that a further destabilization of the ste11 mRNA could
not account for the dramatic decrease in mRNA level thatresults from the absence of S2P (Figure 5D). In contrast, the
deletion of the 50UTR led to a marked stabilization of the
mRNA, especially in nitrogen starvation (Figure 5D). Taken
together, these data indicate that the 50UTR of ste11 is
required for both the transcriptional induction and the insta-
bility of the mRNA.
These data also reinforce the conclusion that S2P
plays a key role in ste11 mRNA induction by regulating its
transcription.
Based on these results, we postulated that the absence of
S2P should have a strong effect on sexual differentiation.
Indeed, when heterothallic h+ and h2 strains deleted for lsk1
or harboring the S2A mutation were used in mating assays,
we observed severe impairment in the ability to undergo
mating (Figures 6A and 6B; Table S3), and very few cells
entered meiosis, as revealed by iodine staining of spores
and microscopy. The same effect was observed when a S2A
homothallic h90 strain (that can switch mating type) was used
(Figures 6A and 6B; Table S3). The deletion of either lsc1 or
lsg1, which encode the two other components of the ‘‘CTDK’’
complex, affected mating and meiosis similarly to lsk1 (Table
S3). We confirmed this result by showing that in the absence
of its cyclin partner Lsc1, the Lsk1 kinase is not properly
recruited to the ste11 transcription unit during nitrogen starva-
tion (Figure S5).
If the requirement of S2P is mediated through regions
outside the coding region, as suggested by the data presented
in Figure 5B, the expression of the ste11 open reading frame
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1061from a strong promoter should rescue the sexual differentia-
tion defect. We therefore expressed a plasmid-borne ste11
open reading frame under the control of the adh1 promoter
and terminator [50] and showed that it rescued the sterility of
the lsk1 deleted strain (Figure 6C), indicating that the mating
defect is caused by the failure to properly induce ste11
transcription.
We conclude that phosphorylation of PolII on serine 2 is not
an essential feature of general transcription in fission yeast but
rather is critical for certain biological responses.
Discussion
The in vivo and in vitro data presented here show that Mcs6 is
the main S5 kinase in fission yeast. However, S5P can still be
detected when Mcs6 is inhibited, which suggests that another
kinase, likely Cdk9, may participate in S5 phosphorylation
in vivo. An unexpected possibility suggested by the genome-
wide occupancy map presented in this study is that Cdk9
might phosphorylate S5 further downstream of the region
where Mcs6 functions. Indeed, on average, both Cdk9 and
S5P are detected at a high level in the 30 region of the transcrip-
tion units. A more modest peak of Mcs6 is also detected in the
same region, but its magnitude is not consistent with the
rephosphorylation of S5.
The Lsk1 kinase is loaded after promoter escape, but, unlike
Cdk9, its average level rises steadily toward the 30 region of the
gene, similar to what we observed for S2P. This is consistent
with data demonstrating that Lsk1 is the main S2 kinase
in fission yeast. Cdk9 affects S2P levels to a much lower extent
than Lsk1, which may result from the elongation defect
observed when Cdk9 is inactivated [22].
The genome-wide map we present here also establishes
that S2P PolII is found at many fewer loci than is S5P PolII
on chromatin. Although it was reported that the H5 (anti-S2P)
antibody we used is potentially problematic [51], the presence
of the S2 kinase Lsk1-HA at fewer sites than Mcs6-HA and
Cdk9-HA makes a bias unlikely because of a potential lower
affinity of the H5 antibody. Moreover, H5 appeared to be
very specific in this study, as demonstrated by the very low
signal observed in western blot (Figure 1) or in ChIP (Figure S5)
analyses when the S2A mutant was studied. In ChIP experi-
ments, the binding of S2P PolII was significantly higher than
for control regions despite generally low signals. Another
commercially available antibody (Abgene 5095) behaved simi-
larly (Figure S5).
The discrepancy between the numbers of genes affected in
the lsk1 and rpb1(S2A) mutants suggests that either another
kinase may phosphorylate S2 in vivo or that the replacement
of 27 serines by alanines in the CTD may have an additional
structural effect that somewhat affects the activity of Rpb1
regardless of the phosphorylation. Three observations are in
favor of the second possibility. First, the S2P signal was unde-
tectable when Lsk1 was absent (Figure 1A). Second, the spe-
cific phenotypes observed for the S2A mutant were recapitu-
lated in the lsk1 deletion strain (Figure S2; Figure 6). Third,
the genome-wide occupancies of S2P and Lsk1 were well
correlated (correlation coefficient: 0.61; Figure S3).
The observation that S2P PolII is present on specific genes
and affects a limited set of genes whereas S5P PolII is widely
distributed and has a wide impact (unpublished data; [35])
challenges the commonly held view that S5 and S2 phosphor-
ylations proceed sequentially during the transcription cycle to
link a variety of essential processes. The use of the S2A andS5A mutants described in this study precludes all potential
compensations by unidentified CTD kinases. The subtle phe-
notype resulting from the absence of S2P during vegetative
growth compared to the early lethality of spores devoid of
S5P is in agreement with a more specific regulatory role of
S2P. In particular, we found that the S2A mutant is sensitive
to a number of stresses, similar to the lsk1 deleted strain, as
previously reported [52], and a double mutant behaved the
same way.
Taken together with these data, the occupancy map we
established strengthens the notion that S2P is not a prerequi-
site to efficient mRNA transcription but rather plays a key role
in cell signaling.
In a subset of the loci bound by Lsk1, both the S2 kinase
Lsk1 and S2P are unexpectedly enriched within a few hundred
base pairs upstream of the coding region. Further analyses
revealed that 69% of the genes in this cluster had long UTRs
and that about half of them showed expression changes in
the S2A mutant (p = 0.0013), whereas less than 25% of the
genes were affected in the entire genome. This suggests that
S2P is functionally important for these genes.
Gene ontology analysis [53] revealed enrichment in this
set for genes classified in biological regulation and PolII-
dependent gene expression (Figure S6). Several known stress
response transcription factors belonged to that group, includ-
ing the Ste11 transcriptional activator. In the case of ste11,
Lsk1 is already found at the promoter, and S2P is enriched
more than 2 kb upstream of the ATG. During induction, the
Lsk1 kinase is recruited at the promoter of ste11 within 1 hr
after nitrogen depletion, and the S2P level rises from the
50UTR concomitantly. We show that the 50UTR is essential
for efficient recruitment of Lsk1, for induction of ste11 at the
mRNA level, and for fertility (data not shown), consistent with
a previous study [41]. Importantly in both studies, the regula-
tory signals, including the upstream activating sequence and
a TR box essential for Ste11 autoactivation [39, 41], were pre-
served. Therefore, it is very unlikely that these results simply
result from a defect in the binding of ste11 transcription fac-
tor Rts2.
Given the nature of the S. pombe transcriptome, there might
be a low level of other transcripts, in either orientation, that
may play a regulatory role in ste11 induction and account for
the increase of S2P in the 50UTR region. However, the uniform
RNA level along the ste11 transcribed region and the absence
of transcripts on the other strand [54] are not in favor of this
possibility.
Our data raise two important questions. First, how are Lsk1
recruitment and S2 phosphorylation regulated at specific loci,
such as ste11? In budding yeast, ubiquitinylation of histone
H2B constitutes a barrier for the recruitment of the Lsk1 ortho-
log Ctk1, and the SAGA-associated deubiquitinylase Upb8 is
required to allow Ctk1 recruitment [55]. The fission yeast
SAGA complex harbors highly dynamic and opposing activi-
ties to control the transcriptional induction of ste11 [56], and
it may promote deubiquitinylation of H2B and subsequent
binding of Lsk1.
A second important issue is how Lsk1 plays a key role at the
ste11 and possibly other loci, whereas it is dispensable for
the vast majority. The implication of S2P in the regulation of
the posttranscriptional maturation of mRNA is well described.
Yet the absence of introns in ste11 and the absence of
dramatic changes in the mRNA stability observed during
nitrogen starvation or in the S2A mutant suggest that the post-
transcriptional functions of S2P are unlikely to play a significant
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either the chromatin architecture present at the ste11 locus
requires the presence of an activity that is recruited by the
S2 phosphorylated polymerase or S2P becomes critical for
the efficient transcription of particularly long transcripts.
Our data uncover an essential role for PolII CTD serine 2
phosphorylation during sexual differentiation in fission yeast
associated with a specific pattern of phosphorylation at the
50UTR of ste11. The presence of a similar pattern of S2P on
other groups of genes suggests that this mechanism may
regulate additional pathways.
These observations reinforce the idea that other than spe-
cific transcription factors, the RNA polymerase itself, together
with its associated complexes, directly serves as a processor
that integrates and transmits information. Therefore, the CTD
code first proposed to specify the position of PolII in the tran-
scription cycle [16, 57] may also have a global role in regulating
the functional capabilities of the PolII enzyme in response to
various signals.
Experimental Procedures
ChIP-on-chip, ChIP, and Quantitative PCR
ChIP-on-chip analyses were performed as described [58] using the Agilent
S. pombe 43 44 k microarrays. Chromatin immunoprecipitations were per-
formed as described [22], except a Bioruptor (Diagenode) was used to shear
the chromatin and Dynabeads (Invitrogen) coated with either anti-IgG or
anti-IgM were used for the precipitations. Real-time PCR was performed
on a StepOne Plus apparatus (Applied Biosystems) with Power SyberGreen
(Applied Biosystems). Quantitative RT-PCR was performed using the ABI
high-capacity RNA-to-cDNA kit followed by the ABI Power SYBR green kit
in real-time PCR. All primers used, including control regions, are presented
in the Supplemental Experimental Procedures.
Microarray Experiments
Transcriptome analyses were performed on customized 4 3 44 k Agilent
microarrays. The previously described fission yeast tilling arrays [44], con-
sisting of 60-mer oligos tiled every 55 bp on both strands, were used as
a probe source. The new array consists of about 3 probes per gene on the
sense strand and tiled probes in the intergenic regions covering both
strands. For each sample, 500 ng of total RNA was converted into labeled
cDNA with nucleotides coupled to a fluorescent dye (Cy3 or Cy5) using
the Low RNA Input Linear Amplification Kit (Agilent Technologies). Equal
amounts of differentially labeled cDNA (750 ng) from mutants and wild-
type strains were used for hybridizations. Two biological samples were
hybridized for each mutant strain, with two dye-swap technical replicates
per sample.
Chip-on-chip analyses were performed on Agilent 4 3 44 k S. pombe
Whole-Genome ChIP-on-chip Microarray kit (G4810A), design ID 015424,
as previously described [58]. Genome-wide binding profiles for each factor
were generated from 4 independent biological samples.
Relative Quantification of mRNAs via the Comparative Cycle
Threshold Method
Total RNA was prepared as described [59] and purified on QIAGEN RNeasy.
Quantitative RT-PCR was performed using the ABI high-capacity RNA-to-
cDNA kit, following the instructions of the manufacturer. The untreated
sample was used as a reference (wild-type in Figure 4A or time 0 in Figure 5),
and the 28S rRNA was used for normalization.
1,10-Phenanthroline (Sigma, P-9375) was dissolved in 100% ethanol and
added to the cells to a final concentration of 200 mg/ml. For the experiments
shown in Figure 5D, we checked that the level of the 28S rRNA used for
normalization was stable during the time frame of 30 min used (data not
shown; [48]).
Accession Numbers
The ChIP-on-chip data and the microarray data have been deposited in the
Gene Expression Omnibus (NCBI-GEO) database under accession number
GSE16498.Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and five tables and can be found with this article online
at doi:10.1016/j.cub.2010.04.054.
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